Rat thyroglobulin (TG) cDNA clones were used to identify DNA restriction fragment variants among inbred mouse strains. One of these variants was shown to be closely linked to the recessive mutation congenital goiter (cog), which had previously been mapped to mouse chromosome 15. These results indicate that the structural gene for thyroglobulin is on chromosome 15 and suggest that a mutation at the site of the TG gene is the basis of the cog defect. No differences were observed between cog/cog and +/+ DNA in Southern blots using TG cDNA probes corresponding to 88% of the coding sequences, suggesting that the cog mutation is not due to a large deletion of this portion of the gene. Neither was there any obvious qualitative or quantitative difference between mutant and normal TG mRNA as judged by blot hybridization of electrophoretically fractionated thyroid RNAs. The thyroglobulin gene locus (Tgn) was mapped near the glutamic-pyruvic transaminase isoenzyme locus Gpt-1. The Tgn locus is syntenic with the c-myc protooncogene locus (Myc) in the mouse as in the rat and man.
The thyroid hormones thyroxine (T4) and triiodothyronine (T3) are synthesized in a complex process from the Mr 660,000 thyroglobulin (TG) protein precursor (1) . TG is a large glycoprotein consisting of two identical subunits whose primary polypeptide chain is of Mr 300,000. Two pairs of primary hormonogenic tyrosine residues have been identified near the amino and carboxyl termini ofthe polypeptide (2, 3) . These tyrosine residues are iodinated and coupled by ether bonds. Thyroid hormones are released when TG is endocytosed by the thyrofollicular cells from the follicular lumen, where it is stored, and degraded in the lyzosomes by proteolytic digestion. Parts of the TG gene have been cloned in several species including the cow, goat, rat, and man (3) (4) (5) (6) (7) . The rat TG gene consists of42 exons, spanning more than 170 kilobases (kb), and is transcribed into an -8500-nucleotide mRNA (5) . The human TG gene is >300 kb long (6) . Hereditary hypothyroidism due to disorders of TG biosynthesis has been described in both man and several species of domestic animals (1, 4, 8) . Recently, a mouse mutation, congenital goiter (cog), was described that in homozygous condition causes primary hypothyroidism with goiter (9) . We have used rat TG cDNA clones to identify and map DNA restriction fragment variants associated with the mouse TG gene. We show that the cog mutation is closely linked to these TG restriction fragment variants and is therefore probably a mutation in the mouse TG gene.
MATERIALS AND METHODS
Hybridization Probes. Rat TG cDNA clones pRT27.15, pRT36.1, and pRT57 were the gift of R. Di Lauro (5) . These plasmid clones were labeled by random priming (10) for hybridization to DNA or RNA blots.
DNA Extraction, Southern Blotting, and Hybridization. High molecular weight DNA was extracted from mouse spleens and digested with restriction endonucleases (Bethesda Research Laboratories), and fragments were separated by agarose electrophoresis as described (11) . Southern blotting onto Zetabind (AMF, Meriden, CT) nylon filters by the NaOH transfer method with prior acid depurination (12) was followed by hybridization of the blots to 32P-labeled probes in 7% NaDodSO4 as described (13) . The final wash was at an estimated stringency of 90%. Autoradiograms of the filters were developed by exposing x-ray film with intensifying screens for 3 days at -80'C.
Extraction and Blot Hybridization of Thyroid RNA. Total RNA was extracted from pools of 3-10 mouse thyroids that had been frozen in liquid nitrogen immediately upon dissection and stored at -80'C. The glands were homogenized in guanidine hydrochloride and extracted according to a published protocol (14) . Rat thyroid and mouse thymus RNAs were extracted as positive and negative controls. RNAs (5 jig per lane) were denatured by briefly heating to 70'C prior to electrophoresis in 1% agarose. RNA was transferred to nylon filters for hybridization with pRT57 rat TG cDNA probe (15) .
RESULTS
Identification of DNA Restriction Fragment Length Variants. Initially we attempted to map the mouse TG gene locus (Tgn) by identifying DNA restriction fragment polymorphisms whose segregation could be followed in sets of recombinant inbred (RI) strains. Genomic DNAs from a panel of inbred strains, including progenitors of RI-strain sets, were digested with various restriction endonucleases, Southern blotted, and probed with several rat TG cDNA clones. The probes hybridized to multiple restriction fragments in mouse DNA, and a few of these were polymorphic. Fig. 1 goiter mutation (cog) had also been assigned to chromosome 15 (9), we sought to determine whether or not Tgn and cog would be separable by recombination. Since the cog mutation arose on the AKR/J inbred strain (Tgna) and had been transferred subsequently to the chromosome 17 congenic AKR.L-H-2b background (19), we crossed an AKR.L-H-2b cog (hereafter referred to as the AKR.L-cog strain) homozygous male to the C57BL/6J-Ve/+ (Tgnb) strain, which carries the dominant hair-texture mutation velvet (Ve) marking the distal part of chromosome 15. Backcrosses to AKR.Lcog males and intercrosses were established. Individual mice were classified at weaning as mutant (cog/cog) or normal (+/cog or +/+), based on size and apparent maturity. This classification was checked when the mice were killed at about 8 weeks of age, by determining thyroid weights. These two criteria usually allowed unambiguous classification of mutant tOnly the variant restriction fragment sizes are given. In each digest most of the restriction fragments were shared among all strains. The listed restriction variants were detected with the pRT57 probe (see Genetics: Taylor and Rowe Proc. Natl. Acad. Sci. USA 84 (1987) (Fig. 3) , in the 8-to 9-kb range corresponding to the mature TG mRNA described for the rat and other species. Each thyroid RNA showed a relatively large amount of hybridizing material that is smaller than the full-sized TG mRNA. Presumably this represents partially degraded mRNA that was either present in vivo or was produced during the extraction procedure. No hybridization to thymus RNA was observed, consistent with the tissue-specificity of Tgn (20) . The human TG gene has been localized to the same chromosome band as MYC, 8q24. Further, the human homolog of Gpt-1 also has been assigned provisionally to 8q (21, 22) . The present finding of close linkage between the murine Tgn and Gpt-J genes lends support to this assignment. Taken together with the principle that close linkages tend to be conserved in evolution (23) , the data suggest that c-myc, the TG gene, and the glutamic-pyruvic transaminase gene are clustered in both man and mouse.
Although Myc has been localized to the 15 D2/3 region on the mouse cytogenetic map (24) , its position in the linkage map is unknown. While Myc appears to occupy a proportionally more distal position on the cytogenetic map than does Tgn on the linkage map, this does not necessarily exclude the possibility that Myc is close to Tgn in the mouse as in man.
Recombination frequency is not always proportional to physical distance in mouse chromosomes (25) . In man, TG is known to be distal to MYC (16 (9) , the failure to observe a reduction of Tgn transcripts in the mutant thyroid cannot be interpreted to mean that the mutant and normal genes are necessarily transcribed with equal efficiency.
However, it is clear that the major block to TG accumulation is not at the level of transcription or mRNA accumulation. Although the cog/cog thyroid contains an apparently normalsized Tgn mRNA, abnormal processing of the primary transcript cannot be excluded. The excision of a small exon or the failure to excise a small intron probably would not lead to a detectable shift in the 8-to 9-kb Tgn mRNA band seen in blots but might drastically reduce the amount of TG synthesized.
Although the immunoreactive TG content of cog/cog thyroids was <1% that of normal littermates, the serum content was slightly elevated (9) . This suggests that cog/cog thyroids synthesize an abnormal TG polypeptide, which is released into the circulation either directly or after partial degradation. One possibility is that cog encodes a truncated TG polypeptide chain. This possibility can be evaluated by sizing the in vitro translation products of cog/cog and +/+ TG mRNA. If a truncated TG polypeptide is found, its size might indicate the region of the Tgn gene likely to contain the mutation. This region could then be examined in detail to define the nature of the mutation. Another possibility is that the cog-encoded TG polypeptide is unstable or cannot be processed properly. In this case the genetic lesion might be more difficult to identify, but also more enlightening in regard to understanding the structural constraints of the protein.
Hereditary goiters have been reported in several species of domestic animals. The failure to synthesize appreciable amounts ofTG in the case ofhereditary goiters ofthe goat and cow have been investigated at the molecular level (4, 8 (1987) immunologically detectable in vitro translation products of this mRNA were obtained. In the bovine goiter, both normaland reduced-sized TG mRNAs were found in reduced amounts; these were translated in vitro into Mr 75,000 and Mr 250,000 polypeptides (8) . The two mRNAs are the result of two kinds of abnormal splicing, the first leading to a frameshift and the second to the precise excision of the large ninth exon. The presence of essentially normal levels of apparently normal-sized TG mRNA in cog/cog thyroids distinguishes the murine congenital goiter from both the caprine and bovine models.
The identification of the cog mutation as a candidate for a primary defect in the Tgn gene has a number of implications. First, efforts to understand the biochemistry, physiology, and pathology of the mutant mouse can now be focused on the Tgn gene and gene product. Second, the cog mutant provides an excellent animal model for one class of human hypothyroidism (28) . In this respect, the cog mouse offers obvious advantages over the large-animal models heretofore available. Third, the present results demonstrate the utility of restriction fragment variant mapping for identifying candidate mutants for primary defects at the probed locus. Although hundreds of spontaneous or induced murine mutations have been identified and mapped, the primary defect of all but a few of these is unknown. Of those with known defects, the number of these that are presently accessable to molecular analysis is even more limited. These include the genes encoding the a and (8 chains of hemoglobin (29) (30) (31) , myelin basic protein (32, 33) , malic enzyme (34, 35) , and myelin proteolipid protein (36) . As more mutations and cloned genes are mapped, undoubtedlly more candidate genes will be identified. Since cog/cog mice are viable and fertile, it would be feasible to attempt to induce and identify other mutant alleles at the cog locus by mating mutagenized +/+ mice to cog/cog homozygotes and looking for runted progeny. Such mutants might include deletions, which could be more readily associated with the Tgn gene. Finally, the cog/cog mouse could be used to test the expression of artificial Tgn gene constructs when introduced into transgenic mice. This approach could yield valuable information about Tgn regulatory elements and the functions of TG protein domains.
Direct evidence that cog is a mutation at the Tgn gene and discovery of the nature of the mutation await further studies. The fact that cog occurred in an inbred background means that the nature of the lesion can be determined, potentially, without the ambiguity arising from sequence polymorphism. It will be important to determine whether the TG mRNA found in cog/cog thyroids is translatable to a normal-sized protein in vitro. It may be necessary to isolate and compare Tgn cDNA and genomic clones from +/+ and cog/cog mice to completely define the genetic lesion.
